Genetic and biochemical studies on Neurospora crassa and Escherichia coli have suggested the following pathway of histidine biosynthesis:
(1) D-erythro-Imidazoleglycerol phosphate + imidazoleacetol phosphate + Hz0 (2) Imidazoleacetol phosphate + L-glutamate 2 L-histidinol phosphate + a-ketoglutarate Reaction 2 is catalyzed by the enzyme imidazoleacetol phosphate transaminase (1) . Reaction 3 is catalyzed by the enzyme L-histidinol phosphate phosphatase (2) . Reaction 4 is catalyzed by the enzyme L-histidinol dehydrogenase (3, 4) .
This report is concerned with the purification and description of the enzyme from N. crassa catalyzing Reaction 1, the dehydration of D-erythroimidazoleglycerol phosphate. This enzyme will be called imidazoleglycerol phosphate dehydrase (IGP dehydrase). A preliminary report on this enzyme has appeared (5) . The substrate used in these studies, n-erythro-imidazoleglycerol phosphate, has been synthesized chemically from n-ribose 5-phosphate and formamidine. Imidazoleacetol phosphate has been prepared in analytically pure form by a slight simplification2 of the procedure previously described (1) . A white powder, the inner salt, of IAP, was obtained . CsH90sN2P .
Calculated Neurospora Mutants-The various histidine-requiring mutants (6) were grown for 33 days in 16 liters of Fries minimal medium containing 1.6 mmoles of L-histidine as previously described (2) . Histidine is the growthlimiting component of the medium. The wild type was grown similarly except that histidine was omitted. The mold was stored at -20".
EXPERIMENTAL
Determination of IGP by Periodate Oxidation-This is a modification of a method previously described (7). On periodate oxidation of IGP, or imidazoleglycerol, imidazoleformaldehyde is formed quantitatively and can be determined by its spectrum in alkali. Sodium metaperiodate (0.5 ml. of a 0.1 M solution) is added to 0.1 ml. of a neutral or slightly acid solution of IGP. The oxidation is complete after 10 minutes. Then, 1.0 ml. of 1 .O M ethylene glycol is added to decompose the excess periodate. After waiting for at, least 3 minutes, 1.5 ml. of 0.1 N sodium hydroxide are added.
The optical density of the solution is read at the maximal absorption (280 mp) against a blank to which the IGP sample has been added after the addition of ethylene glycol. At 280 rnp and with a 1 cm. light path, the optical density of 0.1 pmole of IGP in 3.1 ml. is 0.465.
An alternative periodate method is used when there is considerable absorption at 280 rnp in the blank.
The imidazoleformaldehyde is extracted into butanol which has been made alkaline with piperidine.
The absorption maximum of imidazoleformaldehyde in butanol-piperidine is at 312 rnp. 0.3 ml. of the sample (neutral or slightly acid) and 0.5 ml.
2 The incubation mixture was similar to that previously described except that all the pyrophosphate buffer was omitted and the solution was adjusted to pH 8.0 with sodium hydroxide.
For the isolation of the IAP the incubation mixture (including protein) was put directly on a 45 X 2.3 cm. Dowex 1 acetate column (X8, 200 to 400 mesh). The column was washed with about 100 ml. of water.
Gradient elution was used with 1 liter of water and 0.3 N acetic acid. Samples of 20 ml. were collected, immediately refrigerated, and the appropriate fractions were lyophilized. Isolation of IGP from Neurospora-IGP was isolated (7) from the histidine-requiring mutant C84, which lacks IGP dehydrase and accumulates large amounts of imidazoleglycerol and IGP. 850 gm. of the frozen mold (mutant C84) were ground in a Waring blendor with dry ice (see "Enzyme extract").
The frozen powder was added slowly to 1700 ml. of boiling water and this suspension was allowed to boil gently for 5 minutes. The suspension was centrifuged and the supernatant liquid saved. The precipitate was extracted with 850 ml. of boiling water.
This was again centrifuged and the precipitate discarded.
The supernatant liquids were combined and brought to pH 9 with 5 N sodium hydroxide.
The several liters of liquid were then passed overnight through a 3 cm. (diameter) X 32 cm. Dowex 1 acetate (X8, 200 to 400 mesh) column in the cold room. The IGP was eluted from the column at room temperature by using a gradient of 1 liter of water and 0.3 N acetic acid. 20 ml. fractions were collected.
The IGP was localized by chromatographing an aliquot from each tube on paper (7) and then spraying with diazosulfanilic acid and alkali (8) . Tubes 43 to 48 contained the IGP and these fractions were lyophilized.
These tubes also contained a yellow-colored substance with a spectrum similar to that of riboflavin.
The IGP was purified further on Dowex 1 acetate by gradient elution with 1 liter of water and 0.5 N ammonium acetate.
The appropriate fractions were lyophilized. The IGP was chromatographed once more on Dowex 1 acetate by gradient elution of 1 liter of water and 0.2 N acetic acid. The tubes containing the IGP were lyophilized to give 80 mg. of a hygroscopic white powder, the inner salt of IGP monohydrate.
The optical rotation was determined on a solution, 45 pmoles per ml.,4 which had been neutralized to pH 7 with sodium hydroxide; [a]:' -13.7".
Chemical Synthesis of IGP
A variety of different conditions were tried in an attempt to obtain a direct synthesis of IGP from ribose 5-phosphate and formamidine hydro- chloride (NH2 -CH = NH. HCl).
The reaction mixtures were analyzed for IGP by means of paper chromatography (7) and the quantitative periodate assay.
In formamide and formamide-pyridine mixtures, yields of 1 per cent were obtained.
Water was found to be the preferred solvent, however, and in water formamidine hydrochloride and ribose 5-phosphate react to form IGP quite readily.
At a pH near neutrality a yield of about 20 per cent (based on the ribose phosphate) was obtained.
The reaction will take place at 55" over a period of days, but a time of about 15 hours at 80" was found to be convenient, higher temperatures causing the solution to turn a very dark brown.
The product has been isolated by means of ion exchange columns.
Synthesis-Barium ribose 5-phosphate.2Hz0 (2927 mg., 7.3 mmoles) and formamidine hydrochloride (6540 mg., 81.1 mmoles) were dissolved in water to give 250 ml. of a clear colorless solution of about pH 6. The solution contained in a 250 ml. stoppered volumetric flask was placed in an 80" oven for 15 hours.
The temperature, time, or amount of water, and exact ratio of formamidine to ribose phosphate are not critical. After 4 hours about 0.5 mmole of IGP had been formed.
After 15 hours the solution contained 1.5 mmoles of IGP and was a reddish brown color.
Isolation-The reaction solution was put directly on a 2.2 cm. (diameter) X 43 cm. Dowex 50 W (X8,200 to 400 mesh) column in the hydrogen form.
Formic acid (3 N) was used as an eluting solution.
Fractions of 20 ml. were taken and the first tube containing colored material was considered to be the front.
The fractions in Tubes 21 to 37 contained the IGP as determined qualitatively by a diazo reaction in a spot plate and quantitatively by a periodate assay.
Fractions from Tubes 51 to 53 gave a slight pink color with diazo reagent as contrasted to the orange color obtained with IGP.
These fractions did not give the periodate test and were not investigated further.
Those fractions containing more than 15 pmoles of IGP (Tubes 22 to 36) were combined and lyophilized. The light brown hygroscopic powder was taken up in 10 ml. of water and 1 ml. of 1.0 N NaOH to give a solution of about pH 6. This was put on a 2.5 cm. (diameter) X 41 cm. column of Dowex 1 (X8, 200 to 400 mesh) in the acetate form.
Gradient elution with 1 liter of water and 0.15 N acetic acid was used. 20 ml. fractions were collected.
All the brown color stayed at the top of the column and the IGP came out in Tubes 27 to 41. (7) and chromatographic behavior on Dowex 50 and Dowex 1 were the same. Homologous Syntheses-Formamidine will also react with ribose, fructose, glucose, and mannose to give the corresponding imidazoles. 10 mg. of formamidine hydrochloride and 5 mg. of D-ribose in 0.25 ml. of 0.3 M potassium phosphate buffer, pH 6.8, were heated at 100" for 2 days in a sealed tube. On chromatography of the mixture in propanol-NH3 one diazo-reacting spot, with the same RF value and color (9) as reference imidazoleglycerol, was observed. A periodate test on the crude mixture also indicated the presence of imidazoleglycerol.
No imidazoleglycerol production was observed when water was substituted for phosphate buffer in the synthesis. Similar experiments with fructose, mannose, and glucose yielded, in the presence of phosphate buffer, diazo-reacting spots corresponding to n-arabino-tetrahydroxybutane imidazole.O Fructose gave more product than the other sugars under comparable conditions. No reaction was observed without buffer.
Preparation of IGP Dehydrase
Enzyme Assay-The activity of IGP dehydrase in forming IAP from IGP was determined by measuring the absorption in alkaline solution of the IAP formed (1) . A unit of enzyme is defined as the amount of enzyme that forms 1 pmole of IAP per hour under the conditions described below. The enzyme assay tube containing 35 pmoles of triethanolamine-HCI buffer (pH 7.5), 58 pmoles of 2-mercaptoethanol, 0.27 pmole of manganese IMIDAZOLEGLYCEROL PHOSPHATE DEHYDRASE chloride, and enzyme, in a total volume of 0.37 ml., was preincubated for 10 minutes. At zero time 0.03 ml. of a 0.1 M solution of IGP (adjusted to pH 7 with NaOH) was added to start the reaction.
After 30 minutes at 30" the reaction was stopped with 0.1 ml. of 1.0 M perchloric acid. IAP was determined by measuring the absorption at 280 rnp 2 minutes after the addition of 2.5 ml. of 5.0 N NaOH to the acidified reaction mixture. A blank incubation mixture to which water had been added instead of IGP was used. A small correction for IGP absorption was determined for each new batch of IGP.
The extinction coefficient for IAP at 280 rnp under these conditions is 7860. The proportionality of reaction rate to enzyme concentration is shown in Fig. 1 . Enzyme Extract -The frozen mycelium of the wild type mold 5297a (303 gm.) was pulverized in a Waring blendor with about an equal volume of dry ice (2). The blendor had been previously cooled by grinding dry ice.' The frozen powder was transferred to polyethylene centrifuge tubes and allowed to thaw.
All subsequent operations were carried out at 0". The thawed material was centrifuged for 15 minutes at 35,000 X g and the small volume of supernatant liquid was collected.
The residue was extracted with 200 ml. of 0.1 M triethanolamine-HCl buffer, pH 7.1, the mixture recentrifuged, and the supernatant solutions combined. 90 ml. of the buffer were added to the combined solution and the solution then 7 During this operation the mold should not be allowed to thaw.
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Ammonium Sulfate I-To 450 ml. of extract 90 gm. of ammonium sulfate were added slowly with stirring.
The material was centrifuged, the supernatant liquid was collected, and the precipitate was discarded. 30 gm. of ammonium sulfate were added to the supernatant solution with stirring and the material was centrifuged as before. The supernatant liquid was discarded.
The precipitate was dissolved in 10 ml. of 0.1 M triethanolamine-HCI buffer, pH 7.1, which was 0.1 M with respect to mercaptoethanol, to give 14.3 ml. of Ammonium Sulfate I.
Charcoal-Gel Treatment-To 14.3 ml. of Ammonium Sulfate I were added 26.3 ml. of an activated charcoal (Norit A) suspension in water (113 mg. per ml., pH 5.4) and 52.6 ml. of calcium phosphate gel (10) (12.0 mg. per ml., pH 5.6). This was stirred in an ice bath for 5 minutes and then centrifuged. The residue was discarded. The 81.4 ml. of Charcoal-Gel supernatant solution was pH 5.4. Ammonium Sulfate II-To 80.0 ml. of the Charcoal-Gel solution 16.0 gm. of ammonium sulfate were added slowly with stirring. The material was centrifuged and the precipitate discarded. To the supernatant solution were added 2.8 gm. of ammonium sulfate. The material was then centrifuged as before and the supernatant liquid discarded. The precipitate was dissolved in 0.1 M triethanolamine-HCl buffer, pH 7.5, to give 3.6 ml. of Ammonium Sulfate II. A summary of the purification data is given in Table I .
Properties of IGP Dehydrase
Stoichiometry-Imidazoleglycerol phosphate was incubated with an extract of wild type Neurospora for various times and the different incubation mixtures were chromatographed on paper with a methanol-chloroform- (7). The spectrum of the reaction product in alkali is the same as that of IAP with an absorption maximum at about 280 rnp (Fig. 2) . On incubating 0.100 pmole of a sample of natural IGP with an excess of enzyme, 0.096 pmole of IAP was formed.
Attempts to demonstrate a reversal of the reaction, both with and without manganese, were unsuccessful.
Sulfhydryl Activation-IGP dehydrase has little activity in the absence of reducing agent. Cysteine, mercaptoethylamine, and mercaptoethanol are all effective, mercaptoethanol causing the least interference in the assay. At a mercaptoethanol concentration of 0.14 M, it is not necessary to run the reaction under nitrogen. Fig. 3 shows the relationship of mercaptoethanol concentration to reaction rate.
Manganese Activation-The activity lost by the dehydrase on purification is restored if the incubation mixture is made 7 X 1O-4 M with respect The pH values of duplicate incubation mixtures were measured with a Cambridge pH meter. The incubation mixtures were the same as those under "Enzyme assay" except that the pH of the triethanolamine-NC1 buffer was varied.
The enzyme was purified through the Ammonium Sulfate II stage.
to MnC12. Magnesium, nickel, cadmium, ferrous, and cobaltous ions were tested at 10M3 M and low5 M and were inactive.
Ethylenediaminetetraacetate (1.1 X lo+ M) in a slight excess over the MnClz inhibited the reaction completely. The relationship of manganous ion concentration to reaction rate is shown in Fig. 4 .
pH Optimum-The effect of the pH on the rate of IAP formation is demonstrated in Fig. 5 . No attempt was made to determine whether the enzyme was saturated with IGP at pH values other than the optimum. The pH optimum is at 7.5. (Fig.  6, A) . The same results have been plotted according to Lineweaver and Burk (12) for the determination of a K, value (Fig. 6, B) . The K, is 2.4 X 1O-4 M.
Enzyme Activity of Mutant Strains
Mutant Extracts-The various genetically distinct histidine-requiring mutants were tested for IGP dehydrase activity.
The mutants were grown as described under "Materials."
No activity could be detected in mutant (384, which accumulates IGP, while all the other genetically distinct mutants and the wild type had activity.
A reisolate of mutant C84 outcrossed to wild type 4, mutants C84R4, is also missing the dehydrase as is mutant C91 which is genetically allelic to mutant C84 (6) and also accumulates IGP.
The specific activities of the mutant extracts are shown in Table II .
Ammonium Sulfate Fractions-In order to establish further the minimal level of dehydrase in mutant C84, and to rule out inhibitors in the crude extract, the wild type and mutant C84 extracts were fractionated with ammonium sulfate.
The specific activity of a 0 to 44 per cent ammonium sulfate fraction of wild type was 0.89 as compared to less than 0.007 for mutant (384. No activity could be detected in the 44 to 84 per cent saturation fractions.
DISCUSSION
Mutants C84 and C91 were isolated on the basis of their histidine requirement for growth (6) . These mutant genes were indistinguishable genetically and were found to be at the same functional locus on one of the chromosomes (6) . Mutation at this chromosome locus in these mutants is associated with several changes in metabolism from that of the wild type mold. It appears that the primary metabolic change is the lack of a functional dehydrase, which by interrupting the biosynthesis of histidine at the IGP-IAP step results in the growth requirement for histidine and the accumulation of IGP, the enzyme substrate.
Other histidine-requiring mutants, which are genetically different from mutants C84 and C91, appear to be blocked at other enzymes in the biosynthesis (2) . Each mutant characteristically accumulates precursors before the blocked enzyme.
The cofactor requirements of IGP dehydrase (a reducing agent and manganese) are similar to those of other dehydrases.
A 6-phosphoglu-
